Nangouhi, a vegetatively propagated cultivar of hinoki cypress (Chamaecyparis obtusa), includes several vegetatively propagated clones with commercial uses. The genetic diversity, relationships, and origin of Nangouhi were evaluated using ten highly polymorphic microsatellite markers and compared with those of natural hinoki populations. In terms of their genetics, Nangouhi clones appeared to be more closely related to each other than to natural populations. Parentage analysis indicated that clone N14, which is commonly found in the grounds of old shrines and temples, is a parent of 11 of the other clones, of which N6 and N13 had genotypes identical to N14 at eight and seven loci, respectively. These clones could have been produced by crossing N14 and genetically related individuals. Assignment tests were used to determine the genetic origin of Nangouhi clones using 25 natural hinoki populations as a reference. The possible sources of most of the clones were the Hikosan population in Kyushu and the Besshiyama population in Shikoku; however, several clones could not be assigned to any natural population. Crosses between Nangouhi and genetically unrelated plus tree clones and recurrent selection from the possible source populations are recommended for future breeding of Nangouhi.
Introduction
Vegetative propagation, which has been successfully applied in forestry and horticulture for several centuries, has led to the development of numerous cultivars. In clonal forestry, a specific genotype or a few superior genotypes tend to be used for plantations over large areas for long periods of time (Zobel and Talbert 1984) , and thus the genetic diversity of commercial populations tends to be smaller than that of natural populations. Commercial genotypes (cultivars), which are often selected from relatively restricted areas, are produced by artificial or spontaneous crossings (Sefc et al. 1998) , and the genetic relationships between cultivars can sometimes be defined genetically, e.g., half-sib, full-sib, or parent-offspring relationships (Bowers et al. 1999 , Sefc et al. 2000 . For most forest trees, crossings between closely related genotypes result in severe inbreeding depression (Williams and Savolainen 1996, Kurinobu et al. 1991) , and thus information on the genetic diversity and genetic relationships among cultivars is essential for producing new cultivars via inter-cultivar crossings. Maintaining the genetic diversity of commercial and breeding populations is important for reducing risks and for coping with the changing requirements of the timber market (Zobel and Talbert 1984) . To this end, the natural origin (source population) of the cultivars is a valuable genetic resource, but the origin of cultivars is sometimes complex or unknown because of their long history of selection, transfer, and plantation (Testolin et al. 2000 , Honjo et al. 2007 .
Microsatellite DNA, or simple sequence repeat (SSR) markers, is an ideal tool for cultivar identification due to their hypervariability and reproducibility (Sefc et al. 1998 , Testolin et al. 2000 , Rajora and Rahman 2003 , Manel et al. 2005 . Such markers are codominant and are useful for evaluating genetic diversity and genetic relationships among individuals and populations (Wunsch and Hormaza 2002) . Recently, methods have been developed to quantify the relatedness of pairs of individuals, without having any prior genetic information. This is achieved by calculating the probability of genotypes being identical-by-descent based on such markers (Wang 2002 , Blouin 2003 . Assignment tests can also be used to link individuals of unknown origin to potential source populations based on their multilocus genotypes (e.g., using microsatellites or amplified fragment length polymorphisms (AFLPs)). The expected probabilities that they have been drawn from each of the potential source populations can then be calculated (Manel et al. 2005 , Honjo et al. 2007 .
Hinoki cypress (Chamaecyparis obtusa) is one of the most important forestry species produced by sexual reproduction. In contrast, "Nangouhi" is a vegetatively propagated cultivar that has been perpetuated by root cuttings and cultivated for the last 300 years in the Aso area of the Kyushu region, southwestern Japan (Miyajima 1989) . The tree form of Nangouhi is straighter and has less curving of the roots than hinoki trees derived from seedlings. In addition, in this area, seedling-derived trees suffer from severe stem hypertrophy or "Tokkuri disease", while Nangouhi is rarely affected; therefore, Nangouhi is now produced commercially in cutting gardens and used for plantations throughout Kumamoto Prefecture and its vicinity. Furthermore, Nangouhi is used as the standard for cultivar registration of hinoki and is thus an extremely important cultivar for hinoki breeding.
In most recent cases of clonal forestry, the unit of cultivation and breeding is the clone. For example, individual cultivars of poplar are normally represented by a single clone (Rajora and Rahman 2003) , whereas a certain native cultivar of sugi in the Kyushu region sometimes comprises several different clones (Miyajima 1989) . Nangouhi also consists of several different clones (Uchida et al. 1993, Ieiri and Miyajima 2000) . Some morphological characteristics, such as branching parameters, straightness, and wood density, differ significantly among clones (Ieiri et al. 2004) . Nangouhi clones have been largely divided into two morphological types: "Futoeda", which is characterized by large branches that are difficult to prune, a fast growth rate, and good timber quality, and "Tabikusa", which is characterized by small branches that are easy to prune and a relatively slow growth rate (Ieiri et al. 2004) . Artificial crossing between morphological types is currently being planned to produce new 'elite' genotypes with several economically important traits, but the genetic relationships between clones have not been evaluated. Furthermore, conservation of the source populations of Nangouhi and recurrent selection from these would be effective for maintaining the genetic diversity of the Nangouhi breeding population; however, no natural population of hinoki exists in the Aso area and the source population of Nangouhi is currently not clear.
In this study, we used microsatellite markers to evaluate the genetic diversity and genetic relationships of Nangouhi clones and compared the clones with natural populations of hinoki. We then estimated the genetic relatedness of Nangouhi clones using relatedness coefficients (Wang 2002 ) and parentage analysis. We used assignment tests to determine the genetic origin of the Nangouhi cultivar relative to the 25 natural populations of hinoki that were considered potential source populations. Finally, we discuss the future breeding of Nangouhi. Uchida et al. (1993) classified 374 Nangouhi trees obtained from old shrines and temples (more than 100 years old) and mature stands (50-100 years old) into 27 isozyme genotypes (clones). They named each genotype based on the order of their isozyme analysis. Of the 27 clones examined, we were unable to determine the location of the material representing seven clones (Nos. 11, 12, 16, and 24 to 27) and thus studied the remaining 20 clones. Uchida et al. (1993) also indicated the proportion of each genotype in samples surveyed. The seven missing clones corresponded to 2.2% of the 374 samples; therefore, we believe that the 20 clones studied represent almost all of the commercial clones of Nangouhi. In this paper, each clone is referred to as "N" followed by a number, e.g., N1, N2, N3. In addition, we added clone "Ns", which was recently propagated in cutting gardens and is being used in plantations because of its superior traits, including a straight mature form and thin branches. Ultimately, we examined 21 clones of Nangouhi in this study. Fresh needles from each clone were collected from individuals archived in the Kumamoto Prefecture Forestry Research. These were stored at −20°C before DNA extraction and microsatellite analysis.
Materials and Methods

Plant materials
DNA extraction and microsatellite amplification
Total DNA was extracted using Plant Genomic DNA Miniprep extraction kits (Viogene, Sunnyvale, CA, USA). Using polymerase chain reaction (PCR) analysis under the conditions described by Nakao et al. (2001) and Matsumoto et al. (2006) , we characterized each individual at ten microsatellite loci (Table 1) Cos2610, and Cos2680 (Matsumoto et al. 2006 . The microsatellite genotypes of the 21 Nangouhi clones were determined using an automated sequencer (ABI 3100; Applied Biosystems, Foster City, CA, USA) and alleles were identified using GeneScan software (Applied Biosystems). Each genotype was checked to reduce genotyping errors by conducting at least three independent amplifications. Genetic diversity and relatedness of Nangouhi We calculated the following genetic diversity parameters for Nangouhi: the number of alleles, N A ; allelic richness, A (16) (ElMousadik and Petit 1996); average expected heterozygosity, H E ; and F IS , using the computer program FSTAT ver. 2.9.3 (Goudet 2001) . Tsumura et al. (2007) investigated the genetic diversity and genetic structure of 25 natural populations of hinoki using 51 cleaved amplified polymorphic sequence (CAPS) markers (Fig. 1) . Matsumoto et al. (in preparation) determined the microsatellite genotypes of 472 individuals derived from 25 natural populations. To compare cultivated Nangouhi with natural populations, we used these genotype data for natural populations. In this study, we compared the genetic diversity parameters of Nangouhi clones with those averaged across all of the natural populations.
The coefficient of genetic relatedness (r) between clones of Nangouhi and natural populations of hinoki was estimated using the computer program MER (Wang 2002) . As reference allele frequencies, 493 genotypes (472 from the 25 natural populations and 21 from Nangouhi) were used for MER calculations. Theoretically, the genetic relatedness between parent and offspring or full-sibs is 0.5; that between half-sibs is 0.25 and that between first-cousins is 0.125 (Blouin 2003) .
Parentage analysis
Uchida et al. (1993) indicated that one major clone (isozyme genotype No. 14) accounted for 72% of the trees obtained from old shrines and temples and 68% of those from mature stands. Several individuals of N14 are huge and their estimated age is several hundred years (Miyajima 1989) . Private foresters suggested that they had collected seeds from these old individuals of N14 and that they might have selected other clones from offspring of N14 (M. Mahara, personal communication). We then conducted parentage analysis based on the simple exclusion method to determine whether N14 could be a parent of the other clones. We also calculated the r value between N14 and each clone.
Relationship of the N14 clone to the other Nangouhi clones In order to understand the process by which other clones were produced from N14 described above, we estimated the probability of obtaining genotypes identical to N14 in offspring of N14, under the null hypothesis that a similar genotypic composition can occur under random mating or a certain level of inbreeding. Two reference populations were used: (1) 493 individuals from 25 natural populations plus the 21 Nangouhi clones and (2) the 21 individual Nangouhi clones.
Multilocus genotype similarity was measured using the number of genotypes identical to N14. When the frequency of alleles that N14 possesses is a i and b i at locus i, the probability PID(i) that the genotype of the offspring is identical to that of N14 is defined as PID(i) = ×(a i + b i ) and the probability PNID(i) that the genotype of the offspring is not identical is PNID(i) = 1 − ×(a i + b i ) under random mating. When K genotype(s) are identical to N14, all possible combinations of PID(i) and PNID(i) are used to calculate P (ID=K) :
where K is the number of loci at which genotypes are identical to those of N14; it also denotes the set of locus combinations with K elements. This formula can be extended to inbreeding situations (inbreeding coefficient, F), where PID(i) and PNID(i) are defined as
Assignment tests
To determine the origin of each Nangouhi clone, a partial exclusion Bayesian-based assignment test was implemented using GENECLASS (ver. 2.0) software (Piry et al. 2004 ) with the 25 natural hinoki populations (potential source populations) as the reference data set. We assumed a uniform prior distribution of allele frequencies. GENECLASS estimates the probability of each individual belonging to each reference population. For each potential source population, a distribution of genotypes is generated using Monte Carlo simulations based on sample allele frequencies . By repeating this procedure 10,000 times, the expected distribution of genotypes in that potential source population can be determined and then used to generate a probability distribution for the range of genotypes used to calculate the 
The likelihood of any particular genotype of interest is compared to the empirical distribution of each candidate population. If the likelihood of the genotype falls in the tail of the distribution (i.e., it has a likelihood lower than a threshold value, such as 0.05 or 0.01), then that population can be excluded as a potential source population, and the individual is assigned to the non-excluded population(s). Exclusion methods check the standard assignment test and indicate whether the true source population has been sampled (Manel et al. 2005 , Mix et al. 2006 .
Results
Genetic diversity and relatedness of Nangouhi clones
The number of alleles (N A ) and expected heterozygosities (H E ) of the ten microsatellite loci examined in the 21 Nangouhi clones are shown in Table 1 . N A ranged from 2 to 6 at each locus; H E ranged from 0.374 to 0.725. The genetic diversity of Nangouhi appeared to be lower than the average values for natural populations ( Table 2 ). The average H E and A (16) for Nangouhi were 0.603 and 3.492, respectively, while the corresponding values for the natural populations were 0.781 and 6.938. The average r for Nangouhi (0.368) was higher than that for natural populations (0.032).
Parent-offspring relationships of N14 and other clones
Parentage analysis revealed that 11 of the clones may have a parent-offspring relationship with N14 (Table 3 ). The value of r between each of these 11 clones and N14 ranged from 0.425 to 0.849, and averaged 0.608. These values are similar to or higher than the theoretical value for parentoffspring or full-sib relationships (0.50). In contrast, the values of r between N14 and the nine clones for which a parent-offspring relationship was excluded ranged from 0.074 to 0.603, and averaged 0.389. The numbers of nondiscriminating alleles between N14 and these nine clones ranged from 7 to 18. The genotypes of N6 and N13 were very similar to that of N14, with only two and three discriminating loci, respectively. The r value between N14 and these two clones was 0.849 and 0.815, respectively.
The relationship between the number of identical loci shared with N14 and the probability of producing these genotypes
The number of identical loci for each clone ranged from 2 in N4, N7, and N8 to 8 in N6, and averaged 4.5 (Table 3) .
For the reference population of 493 individuals derived from 25 natural populations and Nangouhi, the number of identical loci above a 5% probability was less than 3; therefore, the probability that the genotype of an offspring is identical to that of N14 at seven or eight loci is extremely low ( Fig. 2A) when we assumed an inbreeding coefficient of F = 0. In contrast, the number of identical loci above a 5% probability was less than 5, 6, and 8, when we assume F = 0.125, 0.25, and 0.5, respectively; therefore, the number of loci identical to those of N14 was increased by related mating.
To realize the distribution, F would be between 0.25 and 0.5 ( Fig. 2A) . When we set the 21 Nangouhi clones as the reference population, the number of identical loci above 5% probability was less than 7. The number of identical loci above 5% probability was less than 9, 9, and 10, when we assume F = 0.125, 0.25, and 0.5, respectively; therefore, the observed number of identical loci (average 4.5) can be achieved in the case of F = 0 (Fig. 2B ).
Determining source populations from assignment tests
The first, second, and third most likely source populations (genetic origins) for Nangouhi clones, along with their respective probabilities, are shown in Table 4 . For most clones, the most likely and second most likely source populations were the Hikosan population (No. 23) in Kyushu and the Besshiyama population (No. 21) in Shikoku. When we used the 5% criterion for population exclusion, ten clones were not assigned to any of the 25 populations examined in this study. Three clones (N1, N2, and N3) were assigned to Hikosan exactly, but the other eight clones could not be designated to a statistically authenticated source population because more than one population produced probabilities greater than 5%.
Discussion
Genetic diversity and relationships of the Nangouhi clones
The microsatellite markers used in this study provided an efficient way to evaluate the genetic diversity and examine the relatedness of Nangouhi clones, and to make comparisons with natural populations. The genetic diversity of Nangouhi was lower than that of the natural populations and the relatedness was higher. The value of r for Nangouhi (0.368) was higher than the theoretical value for half-sibs (0.25) (Blouin 2003 ), so we concluded that Nangouhi clones are genetically related to each other.
The value of r between N14 and the 11 clones for which a parent-offspring relationship was identified corresponds to the theoretical value for this relationship (0.5). Of the nine clones that did not exhibit a parent-offspring relationship with N14, the r value for two clones (N2 and N22) exceeded the theoretical value for a parent-offspring relationship (N2: 0.553, N22: 0.603). Because null alleles can sometimes lead to a misunderstanding of parent-offspring relationships, we conducted parentage analyses considering null alleles (Moriguchi et al. 2004) ; the result, however, was the same as when null alleles were not considered (data not shown); therefore, we suggest that these clones are full-sibs of N14. In horticulture, pedigree relationships between cultivars are frequent (Bowers et al. 1999 , Sefc et al. 2000 , while pedigree relationships between cultivars have rarely been confirmed in forestry.
The genotypes of the 11 clones that could be involved in parent-offspring relationships with N14 were identical at most loci. When we use the 493 samples as the reference population, the observed genotypes seemed to be generated by mating between N14 and a related individual with F = 0.25 to 0.5 ( Fig. 2A) . In contrast, when we used the 21 Nangouhi clones as the reference population, the observed genotypes could be generated by random mating between N14 and the reference population (F = 0) (Fig. 2B) . The relatedness among Nangouhi clones is apparently higher than in natural populations (Table 2) ; therefore, these clones can be generated by mating between N14 and related individuals that correspond to current Nangouhi clones.
In horticulture, mutant sprouts of specific cultivars are often used to produce new cultivars (Testolin et al. 2000 , Martins et al. 2003 , Yamamoto et al. 2003 , Hu et al. 2005 , Soriano et al. 2005 . Microsatellite genotypes of mutant sprouts are identical or very similar to each other. Previous studies failed to discriminate them or found only one locus that distinguished between the mutant sprouts and their original cultivars (Testolin et al. 2000 , Yamamoto et al. 2003 , Soriano et al. 2005 . In contrast, N6 and N13 had two and three distinguishable loci, respectively, of the ten loci. Furthermore, this study revealed that identical genotypes can be obtained at most loci through related mating ( Fig. 2A,  B) . Thus, the possibility that these clones were mutant sprouts from N14 would be low, considering the mutation rate of microsatellite variation.
Genetic origin of Nangouhi
Assignment tests provide probability estimates as to whether specific populations are the source of tested individuals. Note that if an individual's true source population is not included (at an appropriate probability level) in candidate source populations, all of the populations examined should be excluded as possible source populations (Manel et al. 2005 , Mix et al. 2006 , Honjo et al. 2007 . Assignment testing has been used to determine the origins of cultivars. Sefc et al. (2000) found that over 30% of grape vine cultivars could be assigned to neighboring sampled populations, Fig. 2 . Relationship between the number of identical loci in N14 and the cumulative probability that the offspring was produced by random mating between N14 and a reference population. (a) The reference population is set as the 493 individuals derived from 25 natural populations and the 21 Nangouhi clones. (b) The reference is set as the 21 Nangouhi clones. F is the inbreeding coefficient.
while Honjo et al. (2007) suggested that the origins of the Primula sieboldii varieties examined were complex because of their historical transportation; therefore, the origin of cultivars tends to be affected by cultivation and transportation.
In this study, 10 of the 21 Nangouhi clones examined, including N14, were not assigned to any of the 25 reference populations, using 5% as the cutoff. This indicates that these clones originated from populations that were not included in this study, and moreover, the populations from which they originated may even be extinct. The possible origins of three clones were assigned to a single population exactly (the Hikosan population in Kyushu). Another five clones were assigned to two populations (the Hikosan population in Kyushu and the Besshiyama population in Shikoku) at >5% probability. Since these populations are close to the Aso area where Nangouhi is used geographically, Nangouhi likely originated from one or more natural populations located somewhere in Kyushu; however, the suggestion that the source of a Nangouhi population be assigned to the Hikosan population needs careful scrutiny. Tsumura et al. (2007) reported that the allele frequency of the Hikosan population was more similar to that of the Tanakamiyama population in Kinki compared to that of other populations in Kyushu. Nevertheless, hinoki populations tend to be clustered genetically within the same district or group of districts (see Fig. 1 ). Tsumura et al. (2007) also argued that some individuals in the Hikosan population may have been introduced by humans.
In this study, the origins of 8 of 21 clones could not be assigned to one population exactly. In contrast, Honjo et al. (2007) assigned the genetic origin of most Primula sieboldii cultivars exactly with high confidence levels. This resulted from low genetic differentiation among candidate populations. Tsumura et al. (2007) investigated the genetic structure of 25 natural populations of hinoki and concluded that genetic differentiation among populations was significant, but low. In particular, most of the possible source populations listed in Table 4 (Hikosan, Besshiyama, Misasa, and Tanakamiyama) were clustered genetically in the phylogenetic tree in Tsumura et al. (2007) ; therefore, several hypervariable markers would be needed to attain the objective. Otherwise, organelle DNA variation would be effective for identifying the source population of Nangouhi.
Implications for the future breeding of Nangouhi
The use of selfing and sib-mating as a breeding tool for conifers is controversial (Williams and Savolainen 1996) . Kurinobu et al. (1991) conducted unrelated, half-sib and full-sib mating and compared the height of 2-year-old sugi seedlings. They concluded that a 7% reduction in seedling height for each 0.1 increase in the inbreeding coefficient (F-value) was negligible for this species. For the future Table 4 . Probabilities of the first, second and third most likely potential source populations being true source populations of the Nagouhi Clones, based on assignment tests breeding of Nangouhi, crosses between morphological types ("Futoeda" and "Tabikusa") with different superior traits are planned to produce new elite genotypes. Ieiri et al. (2004) suggested that N14 and N18 be categorized as "Futoeda" and "Tabikusa", respectively; therefore, one candidate pair crossing is N14 × N18. In this study, however, N14 and N18 might have a parent-offspring relationship as their relatedness is 0.447 (Table 3) ; therefore, this candidate pair would be problematic, considering inbreeding depression. If we use N14 as one parent for crossing, most of the clones, except N5, should be avoided when selecting the other parent. Consequently, crosses between clones of Nangouhi and genetically unrelated plus tree clones with superior traits are recommended.
Genetic conservation and recurrent selection from populations from which these clones probably originated would be an efficient way of maintaining the genetic diversity of breeding populations (Zobel and Talbert 1984) . The Hikosan population is the most likely origin of many of the clones; however, recurrent selection from the Hikosan population could be problematic because this population may be affected by human-mediated disturbance . Therefore, recurrent selection from other possible origin populations, such as the Besshiyama population in Shikoku, could provide a suitable alternative for enhancing the Nangouhi breeding program.
